ABSTRACT: A series of trigonal planar N-, O-, and S-dopant atoms incorporated along the convex protrusion lining the edges of bottom-up synthesized chevron graphene nanoribbons (cGNRs) induce a characteristic shift in the energy of conduction and valence band edge states along with a significant reduction of the band gap of up to 0.3 eV per dopant atom per monomer. A combination of scanning probe spectroscopy and density functional theory (DFT) calculations reveals that the direction and the magnitude of charge transfer between the dopant atoms and the cGNR backbone are dominated by inductive effects and follow the expected trend in electronegativity. The introduction of heteroatom dopants with trigonal planar geometry ensures an efficient overlap of a p-orbital lone-pair centered on the dopant atom with the extended π-system of the cGNR backbone effectively extending the conjugation length. Our work demonstrates a widely tunable method for band-gap engineering of graphene nanostructures for advanced electronic applications.
INTRODUCTION
Lateral quantum confinement of graphene has exposed a wealth of truly exotic physical and electronic properties in carbon based nanomaterials. Graphene nanoribbons (GNRs) in particular have emerged as a privileged motif for applications in advanced electronics as they combine some of the most desirable intrinsic properties of graphene with the emergence of a highly tunable band gap. Minute variations in the width, the crystallographic symmetry, or the edge structure of GNRs can be translated into major shifts in the electronic band structure. [1] [2] [3] [4] Deterministic bottom-up synthetic approaches based on judiciously designed molecular precursors have demonstrated an unprecedented atomic control over width, [5] [6] [7] [8] edgetopology, [9] [10] [11] [12] [13] and the placement of dopants [14] [15] [16] [17] [18] [19] that is indispensable for the rational tuning of the electronic structure of GNRs. 20 The development, the fundamental exploration, and the mastery of these molecular engineering tools are critical steps toward the integration of functional GNRs into advanced electronic devices. [21] [22] [23] [24] [25] [26] A common strategy used to fine-tune the electronic structure of GNRs is the substitution of C-atoms along the edges or along the backbone of GNRs with group 13 or 15 heteroatom dopants. Substitutional backbone-doping with B-atoms demonstrated for N = 7 armchair GNRs (AGNRs) introduces deep-lying dopant states by forcing the empty p-orbital on B-atoms into conjugation with the extended π-system of the GNR. 18, 27 However, this backbone-doping strategy is limited to heteroatoms that can adopt the trigonal planar geometry required for the incorporation along the GNR backbone. A second approach used to alter the electronic structure of GNRs relies on replacing C-H groups along the ribbon edge. Nitrogen dopant atoms, for example, have been incorporated as part of pyridine or pyrimidine groups along the edges of chevron GNRs (cGNRs). [15] [16] [17] In these structures the lone-pairs of the N-atoms come to rest in the plane of the ribbon, perpendicular to the extended π-system of the GNR backbone. Substitutional edge dopants alter the electronic structure of the GNR merely through inductive effects. This is reflected in the observation of a rigid shift of valence and conduction band edges with respect to the Fermi energy of the metal substrate, without any significant changes in the size of the band gap. Previous efforts aimed at incorporating edge-dopants in conjugation with the extended π-system of GNRs have led to defects and uncontrolled edge-reconstruction, yielding samples featuring heterogenous doping patterns along the length of the ribbon. 14, 19, 28 Orbitally matched edge-doping merges both the inductive and the orbital overlap effects by placing heteroatom lone-pairs in conjugation with the extended π-system. This strategy not only provides a rational tool to control the relative energy of the band edge states but also exerts control over the absolute size of the band gap.
Herein, we report the bottom-up synthesis of a series of atomically precise nitrogen-, oxygen-, and sulfur-doped cGNRs. The placement of trigonal planar heteroatom dopants at defined positions along the convex protrusion lining the edges of cGNRs ensures the overlap of the heteroatom lone-pairs with the extended π-system. N-, O-, and S-dopant atoms were selected in this series for their varying degrees of electronegativity. Samples of edge-doped cGNRs were prepared in ultra-high vacuum (UHV) on a Au(111) surface. Scanning tunneling microscopy (STM) as well as non-contact atomic force microscopy (nc-AFM) confirms the precise dopant incorporation along the GNR edges. Scanning tunneling spectroscopy (STS) reveals a narrowing of the band gap by ~0.2-0.3 eV per dopant atom per monomer unit when compared to unsubstituted cGNRs. A correlation of the electronic band structures of N-, O-, and S-doped cGNRs establishes rational and predictable structure-function relationships that are corroborated by density functional theory (DFT) calculations.
RESULTS AND DISCUSSION
The molecular precursors for nitrogen-, oxygen-, and sulfur-doped cGNRs 1a-c were synthesized through a Diels-Alder cycloaddition reaction between 5,10-dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one (2) and the respective carbazole 3a, dibenzofuran 3b, or dibenzothiophene 3c followed by cheletropic extrusion of carbon monoxide and rearomatization to form the triphenylene cores (Scheme 1). Pale yellow crystals of 1a-c suitable for X-ray diffraction were grown by slow evaporation of saturated CHCl3/MeOH (1a,b) or toluene (1c) solutions (Figure 1 ). In the crystal, the fused heterocyclic rings in 1a-c adopt dihedral angles C(1)-C(2)-C(1')-C(2') ranging from 105.9°, 108.5°, to 75.5°. The barrier to rotation around the C(2)-C(1') bond is restricted and the unit cells of 1a-c contain racemic mixtures of both the Ra and Sa atropisomers. Scheme 1. Synthesis of molecular precursors 1a-c for nitrogen-, oxygen-, and sulfur-doped cGNRs.
N-, O-, and S-doped cGNRs were fabricated by thermal deposition of a sub-monolayer of the respective molecular building blocks 1a-c on a Au(111) surface held at 120 °C in UHV. 12, 14 STM images recorded on the intermediate polymer chains emerging from the step-growth polymerization of 1a-c show characteristic protrusions along the edges commensurate with the expected position of thefused heterocyclic wings (Supporting Information, Figure S1 ). The irregular edge-pattern observed in the topographical images is consistent with a random co-polymerization of both the Ra and Sa enantiomers on the metal surface. Gradual annealing (5 K min -1 ) first induces the complete cyclodehydrogenation of the triphenylene cGNR backbone until at 400-450 °C the heterocyclic wings fuse to form the extended graphitic backbone of cGNRs. Low temperature (4.5 K) STM images of N-, O-, and S-doped cGNRs show an apparent height of 0.16 nm and the characteristic periodicity of 1.7 nm (Figure 2A-C) . 12 Statistical analysis on different samples of doped cGNR reveals an average length clustering around 10-15 nm, with some cGNRs exceeding 40 nm (Supporting Information, Figure  S2 ). While these observed parameters are consistent with the reported structures of the parent unfunctionalized cGNRs, we observed significant differences in the apparent width of N-, O-, and Sdoped cGNRs, 2.3 ± 0.1, 2.2 ± 0.1, and 2.4 ± 0.1 nm respectively. 29, 30 Since variances in the apparent width of edge-doped cGNRs could be attributed to changes in the local electronic structure or result from the cleavage of the dopant heteroatom itself during the thermal annealing process, we performed nc-AFM imaging with COmodified tips. 31 nc-AFM images of N-, O-, and S-doped cGNRs unambiguously confirm the position of dopant heteroatoms at the apex of each of the convex protrusion along the cGNR edges ( Figure 2D-F ). An evaluation of large area nc-AFM scans of doped cGNRs and the corresponding STM images indicates that N-and O-doped cGNRs retain >99% of the expected dopant atoms along the edges. Samples of S-doped cGNR, instead, suffer from sporadic defects resulting from the random excision of S-atoms during the cyclodehydrogenation step. Statistical analysis shows that 15-20% of S-dopants are lost during the thermal annealing process (Supporting Information, Figure S3 ). Contrast in the nc-AFM images attributed to the position of N-and S-atoms appear brighter than the position of O-dopants in corresponding images of O-doped cGNRs ( Figure  2E ). This superficial difference has in the past been attributed to the enhanced interaction between the terminal oxygen of the COmodified tip and O-atoms in molecular adsorbates. 32 Since nc-AFM imaging revealed no significant changes to the absolute width of N-, O-, and S-doped cGNRs, we conclude that the variations in apparent cGNR width observed by STM originate mainly from the modifications of the local electronic structure of the cGNRs by the dopant atoms. We performed scanning tunneling spectroscopy (STS) on various samples of N-, O-, and S-doped cGNRs. Representative dI/dV point spectra acquired along the convex edge of cGNR close to the position of the heteroatom dopant are depicted in Figure 3 . The experimental band edge energies and band gaps for N-, O-, and S-doped cGNR are summarized in Table 1 . For this discussion, we operationally define the band gap as the peak-to-peak distance in the STS, and the band edge positions are similarly defined as the corresponding peak positions in the STS. The corresponding data for unfunctionalized cGNRs is provided as a reference. 33 When compared to pristine cGNRs, the introduction of O-dopant atoms leads to a significant shift of the conduction band (CB) edge to lower energies while the valence band (VB) edge remains essentially unperturbed. This is reflected in a reduction (~0.2 eV) of the band gap of O-doped cGNRs to 2.3 eV. The incorporation of S-dopant atoms in S-cGNR not only induces a significant shift of the CB edge to lower energies when compared to unsubstituted cGNRs and O-cGNR, but also increases the energy of the VB by 0.1 eV when compared to the OcGNR, leading to an overall reduction of the band gap to 2.2 eV. Ndoping in N-cGNRs yields the largest observed increase in the VB energy within our doping series. The corresponding shift of the CB edge state is comparable to the O-doped cGNRs, leading to an overall reduction of the band gap of 2.2 eV, ~0.3 eV smaller than the unsubstituted cGNRs. The relative energy of VB edge states follows the trend cGNR ≤ O-cGNR < S-cGNR < N-cGNR. The corresponding sequence for the CB band edge states is S-cGNR < O-cGNR < NcGNR < cGNR. We used dI/dV mapping to further explore the spatial distribution of VB and CB edge states in N-, O-, and S-doped cGNRs ( Figure  4A -C, Supporting Information Figure S4) . A common feature of all doped cGNRs is a confinement of the spatial distribution of the local density of states (LDOS) at the energy associated with the VB and the CB edge states to the geometric real-space edges of the ribbons. 16 In the VB edge-state dI/dV map of N-and S-doped cGNRs, bright protrusions corresponding to the position of the dopant heteroatoms can be observed. The analogous maps for O-doped cGNRs show a node at the expected position of the O-atom. dI/dV maps of We performed DFT calculations within the local density approximation (LDA) to gain additional insight into the electronic structure of N-, O-, and S-doped cGNRs. 34 The introduction of dopant atoms at the apex of the convex edges of cGNRs significantly changes both the positions of band edge states and the energy band gaps. The DFT-LDA band gap of the heteroatom-doped cGNR series ranges from 1.4-1.6 eV, a decrease of ~0.3-0.4 eV when compared the unsubstituted cGNR (Table 1) . While calculations at the LDA level of theory for an isolated ribbon do not accurately account for the electron correlation effect to the self energy of electron states nor the electron screening from the Au(111) substrate, previous studies show that the relative positions of band edge states and trends in the magnitude of the band gap can be faithfully reproduced. 35, 36 This arises from a cancellation of errors: the enhancement of the band gap due to the self energy correction is counteracted by the large metallic substrate screening, making the DFT Kohn Sham gaps close to experiment by neglecting both. Thus, considering the three systems consistently within the same DFT-LDA framework, the reduction of the band gap in edge-doped cGNRs may be attributed to an extension of the p-conjugated network to include the p-orbital associated with the heteroatom dopant. 2, 19, 28 While the calculated density of states (DOS) of each isolated ribbon can only be referenced to the vacuum energy, we can still compare the relative movements of the positions of the VB and CB edges ( Figure 5 ) with different dopants. The position of the theoretically predicted energy of the VB edge states (as defined by the peak in the density of states) in heteroatomdoped cGNRs mirrors the experimental trend determined by STS (cGNR < O-cGNR < S-cGNR < N-cGNR). The relative positions calculated for the CB edge states however deviate from the experimentally observed trend (O-cGNR < S-cGNR ≤ cGNR < NcGNR). Most striking is the apparent inversion of the order between O-cGNR and S-cGNRs. In an effort to account for the experimental differences in the electronic structure of doped cGNRs, we investigated possible effects induced by the interaction of the ribbon with the underlying Au(111) substrate by calculating the interaction between 9H-carbazole (4), dibenzofuran (5), and dibenzothiophene (6) (small-molecule models for the functional groups lining the edges of N-cGNR, O-cGNR, and S-cGNR, respectively) and a fourlayer Au(111) substrate (Supporting Information, Figure S5 ). Analysis of the relaxed atomic structures of small-molecule model systems on the Au(111) substrate shows a strong interaction between the dibenzothiophene group and the underlying substrate that is absent in the dibenzofuran and 9H-carbazole model and is directly reflected in the shorter S-Au distance (2.59 Å) between the substrate and the dibenzothiophene when compared to the corresponding structure of dibenzofuran or 9H-carbazole (O-Au 3.04 Å and N-Au 3.11 Å, respectively). Calculations show that a significant electron transfer from the Au substrate to the dibenzothiophene lowers the energy of the LUMO, leading to an inversion (6LUMO < 5LUMO < 4LUMO on Au) of the trend observed in the gas phase (5LUMO ≤ 6LUMO < 4LUMO gas phase, Supporting Information, Figure S6 ). The calculated trend observed for the small-molecule model systems on Au(111) mirrors the experimentally observed changes in the relative alignment of the CBs in N-cGNRs, O-cGNRs, and S-cGNRs. After accounting for the subtle changes induced by the underlying substrate, we can now rationalize the experimentally observed trends in the band shift of cGNRs upon introducing N-, O-, and Sdopant atoms along the edges. Two distinctive effects dominate changes in the band structure of edge-doped cGNRs: electron transfer between the GNR and the dopant atom and the expanded delocalization of the wave function to include the lone-pair p-orbitals at the site of the heteroatom. Löwdin charge analysis 34 suggests that each O-and S-dopant atom withdraws 0.17 and 0.12 electrons from the cGNR backbone. N-atoms instead act as donors and contribute 0.11 electrons to the cGNR. This electron transfer generates a local potential gradient near cGNR edges, resulting in a downward shift of the overall band energies for O-cGNRs and S-cGNRs and an upward shift for N-cGNRs when compared to the parent unsubstituted ribbons. While our analysis does not account for higher-order manybody effects, 35 the relative energy level shifts should not change significantly as the electrostatic potential change due to the electron movement is expected to be much stronger than any induced changes in the self-energy correction. The observed band shift is supported by wave function analysis at the G point ( Figure 5 ). The wave functions of doped cGNRs at CB, VB-1, VB-2, and VB-3 (VB-4 for S-cGNR) have the same character as unsubstituted cGNR, and their energy levels undergo a rigid shift to lower energies for OcGNRs, a slightly smaller shift to lower energies for S-cGNR, and a shift to higher energies for N-cGNR. The wave functions of doped cGNRs at CB+2, CB+1, VB, and VB-4 (VB-3 for S-cGNR) show an overlap between the p-orbital lone-pair of the dopant atom and the extended p-system. The conjugation with the lone-pair leads to a reduction in the band gap (lowering the empty states and raising the occupied states relative to the midgap energy), leading to an upward shift of the occupied energy levels exceeding the potential gradient imparted by the electron transfer for the case of O-and S-doping. The alignment of electronic states near the Fermi level in orbitally matched edge-doped cGNRs is thus dictated by both the partial electron transfer between the dopant atoms and the cGNR (O-and S-dopants act as acceptors while N-dopants are donors), and the effective conjugation of the extended π-system with the lone-pairs on the dopant atoms.
CONCLUSION
We herein report a deterministic strategy to tune the electronic band structure of bottom-up synthesized GNRs by introducing orbitally matched edge-dopant heteroatoms. Trigonal planar N-, O-, and Sdopant atoms incorporated along the convex protrusion lining the edges of cGNRs not only induce a characteristic shift in the energy of CB and VB edge states but lead to a significant reduction of the band gap of ~0.3 eV for the fully doped case of one dopant atom per monomer. STS and DFT calculations reveal that the complex shifts in the electronic structure can be attributed to an inductive effect, a partial charge transfer between the cGNR backbone and the dopant atoms that correlates with the electronegativity of the dopant element, and an expansion of the effective conjugation length facilitated by the overlap of a p-orbital lone-pair on the trigonal planar dopant atoms with the extended π-system of the cGNR. Our modular and versatile doping strategy not only broadens the scope of accessible dopant atoms but also effectively blends the respective advantages of substitutional edge-doping and backbone-doping in a single step critical to the integration of functional GNRs into advanced electronic devices.
EXPERIMENTAL SECTION
Materials and General Methods. Unless otherwise stated, all manipulations of air-and/or moisture-sensitive compounds were carried out in ovendried glassware under an atmosphere of N2. All solvents and reagents were purchased from Alfa Aesar, Spectrum Chemicals, Acros Organics, TCI America, Matrix Scientific, and Sigma-Aldrich and were used as received unless otherwise noted. Organic solvents were dried by passing through a column of alumina. Flash column chromatography was performed on SiliCycle silica gel (particle size 40-63 μm). Thin layer chromatography was performed using SiliCycle silica gel 60 Å F-254 precoated plates (0.25 mm thick) and visualized by UV absorption. All 1 H and { 1 H} 13 C NMR spectra were recorded on Bruker AV-600, AV-500, and AVQ-400 spectrometers and are referenced to residual solvent peaks (CDCl3 1 H NMR δ = 7.26 ppm, 13 C NMR δ = 77.16 ppm). High resolution mass spectrometry (EI) was performed on an Autospec Permier (Waters) sector spectrometer in positive ionization mode. ESI mass spectrometry was performed on a Finnigan LTQFT (Thermo) spectrometer. STM, STS, and nc-AFM imaging were conducted in UHV (p < 5 -11 torr) using an Omicron LT STM held at T = 4.5 K. STM images and dI/dV maps were recorded in constant current mode with a CO functionalized W tip. STS point spectra were acquired at constant height (open feedback loop, tip setpoints indicated in figure captions) using the lock-in technique with fmod = 455 Hz and Vmod = 10 mV. The W tip was prepared by repeated indentation into the Au(111) substrate prior to each measurement and bare Au background spectra were recorded before and after measuring each doped cGNR. AFM measurements were recorded with a qPlus sensor 38 hosting a CO-functionalized W tip in frequency-modulation mode (f0 ≈ 23 kHz; A = 60 pm) at constant height and Vbias = 0 V. STM and AFM images were processed using WSxM. 39 Theoretical calculations were performed within local density approximation (LDA) for each doped GNR species with slab geometries as implemented in the Quantum Espresso Package. 34 Norm conserving pseudopotentials with a planewave energy cut-off of 60 Ry were used 37 , and Monkhorst k-mesh was chosen as 6x1x1. The structure was fully relaxed until the force on each atom was smaller than 0.001 eV/Å. DFT calculations on small molecules on Au(111) were performed with ultra-soft pseudopotentials with energy cut-off of 40 Ry.
40 X-ray crystallography was performed on a MicroSTAR-H APEX II, using a microfocus rotating anode (Cu-Ka radiation), Kappa Geometry with DX (Enraf-Nonoius build) goniostat, a Bruker APEX II detector, Helios multilayer mirrors as the radiation monochromator, and Oxford Cryostream 700 held at 100 K (1a) or on an APEX II QUAZAR, using a Microfocus Sealed Source (Incoatec; Cu-Ka radiation), Kappa Geometry with DX (Bruker-AXS build) goniostat, a Bruker APEX II detector, QUAZAR multilayer mirrors as the radiation monochromator, and Oxford Cryostream 700 held at 100 K (1b,c). Crystallographic data were resolved with SHELXT, refined with SHELXL-2014, and visualized with ORTEP-32.
Preparation of 4-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)-9H-carbazole (1a). A 50 mL Schlenk flask was charged with 3a (300 mg, 1.04 mmol) and 5,10-dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one (560 mg, 1.04 mmol) in o-xylene (8 mL). The reaction mixture was heated to 148 °C and stirred for 17 h. The reaction mixture was cooled to 25 °C and concentrated on a rotary evaporator. Column chromatography (hexanes/CH2Cl2 1:0-7:3) yielded 1a as a yellow solid (601 mg, 82% .0335. Preparation of 1-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)dibenzofuran (1b): A 50 mL round-bottom flask was charged with 3b-TMS (20 mg, 0.08 mmol) in THF (5 mL) and MeOH (5 mL). K2CO3 (0.5 g) was added and the reaction mixture was stirred for 2 h at 25 °C. The reaction was extracted with Et2O (100 mL), the combined organic layers were dried over MgSO4 and concentrated on a rotary evaporator to yield 3b (15 mg, 99%), which was used without further purification. A 10 mL Schlenk flask was charged with 3b (15 mg, 0.08 mmol) and 5,10-dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one (42 mg, 0.08 mmol) in o-xylene (0.3 mL).
The reaction mixture was heated to 145 °C and stirred for 16 h. The reaction mixture was cooled to 25 °C and concentrated on a rotary evaporator. Column chromatography (hexanes/CH2Cl2 3:1) to yielded 1b as a colorless solid (12 mg, 22% 
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